Abstract Coordinated modulation of sympathetic and parasympathetic nervous activity is required for physiological regulation of tissue function. Anatomically, whilst the peripheral sympathetic and parasympathetic pathways are separate, the distribution of premotor neurons in higher brain regions often overlaps. This co-distribution would enable coordinated regulation and might suggest individual premotor neurons could project to both sympathetic and parasympathetic outflows. To investigate this one submandibular gland was sympathectomized. One of two isogenic strains of the pseudorabies virus, expressing different fluorophores, was injected into the cut sympathetic nerve and the other into the submandibular gland. Independent labeling of the peripheral sympathetic and parasympathetic pathways was observed. Dual-labeled neurons were observed in many CNS regions known to be involved in regulating salivary function. We propose these observations highlight a common pattern of organization of the CNS, providing the anatomical framework for the fine control of organ function required for homeostatic regulation and the coordination of organ responses to enable complex behaviors.
Introduction
The autonomic nervous system (ANS), via its sympathetic (SNS) and parasympathetic (PNS) divisions, continuously modulates visceral organ activity to provide the fine tuning of function required for normal function and to respond to the varied perturbations associated with life. Under many situations the SNS and PNS oppose each other, such as where the SNS induces pupillary dilation and the PNS constriction. However some circumstances require coordinated activation of both SNS and PNS-for example to the heart during chemoreceptor activation (Paton et al. 2005 ) and regulation of cardiac output (Koizumi et al. 1982) .
Regulation of the rate of secretion, and enzyme concentration, of saliva produced by the submandibular gland (SMG) is under complex ANS control. These functions are regulated by both divisions of the ANS allowing specific responses to a wide range of stimuli such as food ingestion or grooming (Matsuo et al. 2000) , thermoregulation (Morrison and Nakamura 2011) , emotional responses, homeostatic threats like dehydration (Hubschle et al. 1998) , and protection of the oral mucosa and immune challenges (Proctor and Carpenter 2007; Gibbins et al. 2013) . The two divisions of the ANS work together to produce salivary secretions of optimal composition for a given condition (Edwards and Titchen 1992; Anderson et al. 1995) and these interactions are often complementary and even synergistic (Garrett 1987; Proctor and Carpenter 2007) .
The autonomic outflow to the SMG is determined by the premotor neurons that project to the preganglionic neurons in the spinal cord intermediolateral cell column (IML) and the superior salivatory nucleus. The distribution of PNS and SNS premotor neurons that innervate the SMG, or its postganglionic neurons, has been mapped using transsynaptic tracing with pseudo-rabies virus (PRV) (Strack et al. 1989b; Jansen et al. 1992; Hubschle et al. 1998) . In several regions PNS and SNS premotor neurons are co-distributed. We hypothesize this might indicate the presence of coordinating neurons with axonal projections to both ANS divisions-''command neurons''. Transsynaptic tracing studies have already demonstrated that individual neurons in some brain nuclei project to different SNS targets, for example the heart and adrenal gland (Jansen et al. 1995b) or to both somatic and sympathetic targets (Kerman et al. 2003) . However to date the concept that individual neurons might regulate both SNS and PNS activity to a specific organ has not been tested.
We tested this hypothesis by using a combination of isogenic strains of PRV that express different fluorophores (Banfield et al. 2003) , and the anatomical organization of ANS input to the SMG that enables selective transection, and labeling, of the SNS input whilst leaving the PNS input intact. We observed neurons throughout the CNS that can influence both SNS and PNS regulation of SMG function, consistent with a central coordinating function. This represents a transition in the way central control of autonomic outflow is viewed and supports the long standing view, derived from more simple invertebrate pattern generators, that complex motor patterns or behaviors are similarly selected, coordinated and controlled by unifying circuits that satisfy a ''command-like'' executive function (Kupfermann and Weiss 2001) .
Materials and methods

Animals
Male Sprague-Dawley rats (300-350 g) were obtained from Monash Animal Services (Clayton, VIC, Australia). All experiments were performed in accordance with the Australian Code for the Care and Use of Animals for Scientific Purposes and approved by Institutional Animal Ethics Committees at the University of Melbourne and Monash University. Rats were housed individually in a climate controlled room (20-23°C) maintained on a 12-h:12 h reverse light-dark cycle.
Pseudorabies virus (PRV) recombinants
The isogenic strains of the swine alpha herpesvirus, PRV which were used in these experiments were kindly provided by G. Pickard, Colorado State University, Fort Collins and prepared as described previously (Hubschle et al. 1998; Banfield et al. 2003; Kampe et al. 2009 ). PRV152 expresses green fluorescent protein (GFP) and PRV614 expresses red fluorescent protein (RFP). Both viruses were produced to a titre of approximately 1 9 10 8 pfu/ml.
Surgical procedures
All surgical procedures were performed under deep surgical anesthesia, induced and maintained by inhalation of isoflurane via a nose cone (2-3 % Isoflurane, Baxter Healthcare Pty Ltd, NSW, Australia), with depth of anesthesia assessed by loss of pedal withdrawal and corneal reflexes. Using sterile surgical procedures, the SMG was exposed unilaterally via a midline ventral incision and virus injected using a glass micropipette connected to a Hamilton syringe via PE tubing. The following experimental protocols were performed.
1. To examine the distribution and number of postganglionic neurons projecting to the SMG, injections of PRV614 (n = 3) or a mixture of both PRV614 and PRV152 (n = 1) were made directly into the SMG. Between 4 and 6 injections of 1.0 lL or 8-12 injections of 0.5 lL were made into the SMG. The incision was sutured and animals were allowed to recover for 52 h, or in the case of the dual viral injection 96 h, prior to being deeply anesthetized with pentobarbitone sodium (100 mg/kg i.p.) for intracardiac perfusion with saline followed by 4 % paraformaldehyde. 2. To verify that all sympathetic innervation of the SMG followed a trajectory along the facial artery, the nerve fascicles in the adventitia were isolated from the facial artery as they enter the SMG. In general these formed one major bundle close to the entry to the gland. Once isolated the nerve was cut prior to injection of PRV614 (n = 3) into the SMG. The animals were allowed to recover for 72 h prior to being anesthetized and perfused. 3. To determine the feasibility of directly injecting into the sympathetic nerves supplying the SMG, and to demonstrate exclusive labeling of the sympathetic pathway following this procedure, the sympathetic nerve was isolated close to the gland. It was then injected with 4-6 lL of PRV614 (n = 1) or PRV152 (n = 1) directly into the nerve bundle using a glass micropipette. The nerve was cut distally to the injection site to ensure no leakage to the SMG. The injections were made slowly over a period of 5 min to ensure there was no leakage from the injection site to surrounding tissues. These rats were allowed to recover for 52 h before being anesthetized and perfused. 4. In the final series of experiments, designed to map the distribution of autonomic neurons throughout the CNS that projected to the SMG, the isolated sympathetic nerve was injected with one strain of PRV and cut distally to the injection site to ensure no leakage to the SMG. This also served to sympathectomize the SMG. The alternate PRV strain was then microinjected (6-12 injections of 0.5-1 lL per injection) into the sympathectomized SMG. The virus was exclusively injected into the SMG. The sublingual gland, which lies in close proximity, was avoided. In most cases (n = 6) PRV614 was injected into the nerve and PRV152 into the SMG but in one animal the combination was switched to ensure that the results were not influenced by minor differences in viral titre or infectivity. A schematic diagram of the experimental protocol is shown in Fig. 1a . One of these animals was perfused at 52 h, two at 72 h and five at 96 h. Examination of these animals revealed sparse CNS labeling at 52 and 72 h after injection and these animals were not included in any further analysis. One animal left for 96 h post injections showed faint labeling with PRV152 in the superior cervical ganglion despite this virus having been injected into the supposedly sympathectomized SMG. This suggests only partial sympathectomy and this animal was also removed from any further analysis. Thus the analysis of CNS distribution after dual viral labeling is based upon 4 animals perfused 96 h after injection.
Histological processing
Following perfusion, the rat brains were postfixed in phosphate buffer (PB) containing 4 % paraformaldehyde overnight at 4°C followed by 2-3 days in PB containing 30 % sucrose at 4°C. The spinal cord between cervical segment 7 and thoracic segment 4 was cut in the horizontal plane and all sections mounted and coverslipped using Cytoseal. The SMG and the superior cervical ganglion were also cut and all sections mounted to examine the first order neurons. Rat brains were cut in the coronal plane at 40 lm thickness, and all sections were collected and stored in 96 well plates. Every third section was mounted for analysis and coverslipped using Cytoseal (Cytoseal 60, Richard Allan Scientific, Kalamazoo, MI, USA). Representative sections, and every third section from one animal, were also examined using immunohistochemistry on freefloating sections using previously published methods (Llewellyn-Smith et al. 2003; Sevigny et al. 2008) 
Analysis
The number and distribution of fluorescently-labeled neurons was examined in every section of the superior cervical and submandibular ganglia from every injected animal. For cell counts, every third section was counted to minimize bias from double-counting. The distribution of labeled neurons in the intermediolateral cell column was also examined in every dual-injected, sympathectomized animal (n = 6). Labeling in the superior salivatory nucleus was also examined in every rat in the region dorsal to the facial motor nucleus and superior olivary nuclei between 11.4 and 10.2 mm caudal to bregma. In the CNS the distribution of fluorescently-labeled neurons was examined in every third 40 lm section throughout the brain from each of 4 rats 96 h after injection of PRV. For most regions a qualitative analysis of labeling was performed on the side of the brain ipsilateral to the injections. These data are presented in Table 1 The midline raphe nuclei, encompassing the raphe pallidus, magnus and obscurus, were analyzed between 13.08 and 10.92 mm caudal to bregma. The dorso-medial medulla was analyzed between 14.76 and 11.4 mm caudal to bregma. Neurons in the hypothalamic PVN were counted between 2.04 and 0.72 mm caudal to bregma. The proportion of PNS, SNS and double-labeled neurons was determined for each section. As the relative proportions were not different throughout the rostro-caudal extent of each nucleus cell counts were combined for each nucleus to give a mean ± SEM value. These proportions were compared, with regions and cell type as factors, in a two way ANOVA followed by a Holm-Sidak multiple comparison procedure (SigmaPlot version 11, Systat Software Inc., CA, USA).
Results
Technical validation and preliminary observations
Several preliminary experiments were performed to verify the selectivity and specificity of the labeling protocol described in Fig. 1a . At short incubation times following injection of either virus into the SMG of intact animals, we consistently observed fluorophore expression in neurons located in the superior cervical ganglion and submandibular ganglion (n = 3) (data not shown). In one animal injection of a mixture of PRV614 and PRV152 into the SMG also resulted in labeling of neurons with each fluorophore in both the superior cervical ganglion and the submandibular ganglion with no apparent preferential uptake and transport of either strain. Following isolation and sectioning of the sympathetic nerve fascicles running into the SMG along the facial artery, injection of PRV614 into the SMG showed exclusive labeling in the submandibular ganglion and no labeling in the superior cervical ganglion (n = 3) (Fig. 1b) . Fifty-two hours after injection of either PRV614 or PRV152 directly into the sympathetic nerve, close to where it enters the SMG, neuronal labeling occurred in the superior cervical ganglion-the number and distribution of labeled neurons was similar to that following injection into the SMG of intact animals [SMG injection with intact nerve, 280 ± 25 neurons (n = 3); sympathetic nerve injection, 334 ± 76 neurons (n = 3); unpaired t test, NS]. No labeling of neurons in the submandibular ganglion was observed following PRV injection into the cut sympathetic nerve (Fig. 1b) . Microinjection of one PRV into the SMG and the other PRV into the cut sympathetic nerve resulted in exclusive selective labeling of the sympathetic or parasympathetic pathway (Fig. 1b) . Further analysis was mostly performed in animals in which PRV614 was injected into the nerve and PRV152 was injected into the SMG. Data from one animal in which these were switched are included in analysis, but for clarity are not shown in any figure. This animal shows no qualitative or quantitative difference with the other animals. Hence the sympathetic pathway is shown as red and the parasympathetic pathway green. At 52 h post injection PRV614 labeled neurons were only observed in the SCG whilst PRV152 labeled neurons were observed only in the submandibular ganglion. After 72 h of incubation labeling was observed in the preganglionic neurons of the intermediolateral cell column (PRV614) and superior salivatory nucleus (PRV152). Very few faintly labeled neurons were observed in other brain areas. These were not consistently mapped.
Distribution of higher order neurons throughout the CNS
The distribution of fluorescently-labeled neurons throughout the CNS was mapped in 4 animals 96 h after injection. Exclusive labeling of a sub-population of neurons in the superior cervical ganglion (sympathetic postganglionic neurons) and the intermediolateral cell column (sympathetic preganglionic neurons) between thoracic levels 1-3 with one virus (n = 4) and the submandibular ganglion (parasympathetic postganglionic neurons) and superior salivatory nucleus (parasympathetic preganglionic neurons) with the other virus (n = 4) was a mandatory requirement for inclusion in further analysis. The distribution of neurons labeled in these rats was examined in detail and these were considered premotor neurons, although whether they were 3rd or higher order neurons could not be determined.
b Fig. 1 a Schematic illustration of the experimental protocol. One strain of pseudorabies virus was injected into the sympathetic nerve close to its entry to the SMG. This nerve was cut peripheral to the injection site to sympathectomize the SMG and prevent leakage of the injected PRV into the SMG. The second isogenic strain of the virus, expressing a different fluorophore, was injected into the sympathectomized SMG. This method allows the two viruses to be taken up by the separate sympathetic and parasympathetic pathways to transsynaptically label neurons throughout the brain. b Photomicrographs illustrating the distribution of fluorescently-labeled neurons following injection of PRV614 into the cut sympathetic nerve supplying the SMG and PRV152 into the sympathectomized SMG. The low power micrographs (right column) show the position of the labeled neurons within each tissue. The boxes illustrate the regions shown in higher power in the accompanying higher power fluorescent micrographs. Sections are shown of the superior cervical ganglion (top row), submandibular ganglion (2nd row), intermediolateral cell column of the thoracic spinal cord (3rd row) and superior salivatory nucleus (bottom row). The scale bar in the higher power micrographs represents 100 lm. IML intermediolateral cell column Distribution of neurons projecting via the parasympathetic path to the SMG Neurons projecting via the parasympathetic pathway to the SMG were distributed throughout many regions in the CNS (Figs. 2, 3 ; Table 1 ). This distribution is very similar to that previously described (Jansen et al. 1992) . In concordance with Hubschle et al. (1998) the current study demonstrates a more extensive distribution in subpallidal regions, including the circumventricular organs of the anterior wall of the third ventricle (Fig. 2b, c ) and several preoptic nuclei (Fig. 2b) . Distribution of neurons projecting via the sympathetic path to the SMG The distribution of neurons projecting polysynaptically via the SNS to the SMG (Figs. 2, 3 ; Table 1 ) is also broadly similar to that described previously following injection of PRV into the superior cervical ganglion (Strack et al. 1989b ). The distribution of SNS projecting neurons was more limited than that of PNS-projecting cells, both in the number of neurons within a region and the number of labeled nuclei. No retrogradely-labeled neurons were observed in any neocortical or sub-pallidal regions (Fig. 2a-c ). An extensive distribution was observed in the midbrain and medulla oblongata ( Fig. 3 ; Table 1 ).
Distribution of dual-labeled neurons projecting to the SMG A complete list of the distribution of dual-projecting neurons is included in the Table 1 . Dual projecting neurons were found in several hypothalamic nuclei ( Fig. 2d-f ) and throughout the midbrain, pons and medulla oblongata (Fig. 3) , including the locus coeruleus (Fig. 3c, e) , A5 (Fig. 3c, g ) and reticular nuclei of the medulla oblongata (see later description). As the greatest concentrations of dual-labeled neurons occurred in the hypothalamic paraventricular nucleus (PVN), dorsal and ventrolateral medulla oblongata and midline caudal raphe nuclei, these regions are described in detail.
Hypothalamic paraventricular nucleus
Detailed maps of the distribution of retrogradely labeled neurons were made throughout the hypothalamus at the level of the PVN corresponding to 1-2.5 mm caudal to bregma according to The Rat Brain atlas (Paxinos and Watson 2005) . Immunoreactivity for tyrosine hydroxylase (TH) was performed to enable delineation of different PVN subnuclei and rostro-caudal levels due to the presence of A13 and A14 cell groups. Within the PVN both SNS and PNS-projecting neurons occurred bilaterally but with a clear ipsilateral predominance (LHS of figures are ipsilateral to the injection). Neither cell group extended ventrally into the A14 cell group or dorsally at more caudal levels into the A13 group and so colocalization with TH was very rare-a total of one or two isolated cells per animal. At rostral levels SNS-projecting neurons occurred at the appearance of the dorsal cap (Fig. 4a) . At mid rostro-caudal levels SNS-projecting neurons became more numerous in the ipsilateral dorsal cap and lateral ventral part underlying the lateral magnocellular cell group (Fig. 4b) . They appeared to exclude the medial parvocellular part as well as the periventricular parts. At the caudal extent of the PVN SNS-projecting neurons extend into the posterior part although this lateral distribution does not continue once the A13 cell group had commenced (Fig. 4c) . PNS-projecting neurons were found in the same subdivisions within the PVN with an interesting difference. Whilst the SNS-projecting neurons were numerous in the dorsal cap and more restricted in both number and distribution in the ventral part, the opposite was the case for the PNS-projecting neurons (Fig. 4a, b) . Dual SNS-, PNS-projecting neurons were rare in the rostral dorsal cap and ventral part and more common caudal to the level of the lateral magnocellular group (Fig. 4b) .
Dorsal medulla oblongata
Detailed maps of the distribution of retrogradely labeled neurons were made throughout the medulla oblongata between 12.96 and 14.64 mm caudal to bregma, using the coordinates described in The Rat Brain atlas (Paxinos and Watson 2005) (Fig. 5 ). This was necessary as the distribution of labeled neurons, particularly those projecting to the SMG via the PNS, did not follow anatomical boundaries. To assist with defining the anatomical boundaries we also co-labeled these sections to visualize TH and hence labeled A2 and caudal C2 neurons. PNS-projecting neurons occurred in all subdivisions of the nucleus of the solitary tract (NTS) at each rostro-caudal level. At each level examined one or two TH-expressing neurons were PNS-projecting but these were in a minority (Fig. 5d, e) . PNS-projecting neurons did not occur in either the dorsal motor nucleus or the gracile/cuneate nuclei. A small number of these neurons were localized to the area postrema (Fig. 5e) . A continuum of PNS-projecting neurons streamed laterally and ventrally outside the nuclear boundaries of the NTS in the spinal nucleus of the trigeminal tract (Fig. 5c) , parvicellular (rostrally), dorsal medullary (caudal) and intermediate reticular nuclei (Fig. 5) . In contrast to the widespread distribution of PNS-projecting neurons, SNS-projecting neurons formed a circumscribed clump of cells in the dorsolateral NTS (Fig. 5) . These neurons were larger than the PNS-projecting cells. Dual PNS-, SNS-projecting neurons were very rare (Fig. 5c) . None of the sympathetic projecting neurons were TH-expressing.
Ventrolateral medulla oblongata
The distribution of labeled neurons within the ventrolateral medulla was mapped from caudal to the facial nucleus (bregma-13 mm) to the caudal end of the medulla at the level of the pyramidal decussation (bregma-15 mm). In order to ascribe the distribution of labeled cells to known Neurons expressing PRV614 (red; sympathetic), PRV152 (green; parasympathetic), tyrosine hydroxylase (magenta) and the merged channels are shown in each column. The boxes in row F are shown at higher power in the inset boxes. The arrowhead highlights the dual-labeled neurons. The scale bar in the higher power micrographs represents 200 lm. ac anterior commissure, AHC/P central/posterior parts of the anterior hypothalamic nucleus (n), Arc arcuate n, BMA basomedial amygdala, CeC/M medial and central nuclei of the central amygdala, ic internal capsule, f fornix, MnPO median preoptic n, opt optic tract, PLH peduncular lateral hypothalamus, PVN hypothalamic paraventricular n; SFO subfornical organ, sm stria medullaris, TS triangular septal n., VMH ventromedial hypothalamic n Fig. 3 Representative examples of SNS-and PNS-projecting neurons at different levels of the midbrain, pons and medulla oblongata. a-c are merged fluorescent photomicrographs taken at low power to show the overall distribution of labeled neurons. Bregma references are to equivalent levels described in The Rat Brain (Paxinos and Watson 2005) . Neurons expressing PRV614 (red; sympathetic), PRV152 (green; parasympathetic) and tyrosine hydroxylase (magenta) are shown in the merged channels. The boxes in c are shown in higher power in e and g. d-g Show schematic images from The Rat Brain atlas of the sections shown in higher power in the subsequent columns.
The red box indicates the area shown. The inset images show higher powers to highlight the presence of triple-labeled neurons. Double-labeled neurons (f) are depicted with a single arrowhead whilst triple-labeled neurons are depicted with the double arrowhead (d, e). The scale bar represents 100 lm in all images. 7n facial nerve, A5-A5 noradrenergic cell group, Bar Barrington's nucleus (n), LC locus coeruleus, LPBCr/E crescent and external parts of the lateral parabrachial n., LSO lateral superior olive, MPB medial parabrachial n., scp superior cerebellar peduncle, Su5 supratrigeminal n., SubC/CV ventral and dorsal subcoeruleus, vsc ventral spinocerebellar tract Brain Struct Funct (2015) 220:2103-2120 2111 regions the sections were co-labeled with TH-immunoreactivity to define the C1 and A1 cell groups (Fig. 6) . PNSprojecting neurons were numerous throughout this region showing an overlapping, but more extensive, distribution with the TH-immunoreactive cells. PNS-projecting neurons appeared to avoid the lateral reticular nucleus being situated lateral and dorsal to the TH-immunoreactive neurons. At rostral levels PNS-projecting neurons outside the C1 group were located in the intermediate and parvicellular reticular nuclei (Fig. 6d, e) . At more caudal levels the neurons occurred in the ventral portion of the dorsal part of the medullary reticular nucleus (Fig. 6a, b) . Some PNS-projecting neurons also occurred lateral to the rubrospinal tract in the parvicellular part of the lateral reticular nucleus (Fig. 6e ). Throughout this distribution many TH-immunoreactive neurons were PNS-projecting (Fig. 6) . By contrast there were rarely more than three or four SNS-projecting neurons in a section at any level of the ventrolateral medulla. At caudal levels these SNS-projecting neurons were located dorsal to the TH-positive cell group in the intermediate reticular nucleus (Fig. 6a, b) . Throughout the entire rostro-caudal extent we observed 14 SNS-, PNS-projecting neurons and 5 of these also expressed TH (Fig. 6c) . These cells tended to occur as individuals in any one section.
Midline caudal raphe nuclei
Neurons projecting via SNS and PNS pathways to the SMG were observed in the raphe pallidus, obscurus and magnus (Fig. 7) . To delineate this cell group immunohistochemistry for tryptophan hydroxylase (TrOH) was also performed. Within these raphe nuclei most dual PNS-, SNS-projecting neurons were also TrOH expressing (Fig. 7c) . Neurons projecting to only one output pathways were observed in this region and some of these were TrOH expressing (Fig. 7a ) but the former relationship was striking.
Quantitative analysis of neuron distribution
Detailed counts of all labeled neurons were performed throughout the rostro-caudal extent of the medulla oblongata from one representative animal and are presented in a semi-quantitative map (Fig. 8) . In addition a detailed count of SNS-, PNS-and dual-projecting neurons in the ventrolateral medulla, dorsal medulla, raphe nuclei and the PVN was performed in all 4 animals (Fig. 9) . The stereotaxic coordinates used to define these regions are included in the methods section. The ventrolateral medulla contained 406 ± 49 labeled neurons per animal. Of these 57 ± 29 (15 %) were SNS-projecting, 207 ± 106 (47 %) PNSprojecting, and 141 ± 53 (39 %) dual-projecting. A total of 1,037 ± 227 fluorescently labeled neurons were counted in the dorsal medulla. Of these 801 ± 273 (77 %) were only PNS-projecting, 117 ± 73 (11 %) were only SNSprojecting and 120 ± 45 (11 %) were dual-projecting. Within the midline raphe nuclei, incorporating the raphe pallidus, magnus and obscurus, 844 ± 176 fluorescently labeled neurons were counted. Of these 413 ± 198 (43 %) were SNS-projecting only, 257 ± 114 (36 %) PNS-projecting only and 174 ± 67 (21 %) dual-projecting. Finally of the 615 ± 52 labeled neurons in the PVN, 269 ± 108 (44 %) were SNS-projecting, 271 ± 116 (44 %) PNSprojecting and 74 ± 12 (12 %) were dual-projecting. Statistical comparison of these data revealed no significant differences in proportion of PNS-projecting or dual-projecting neurons between regions. The proportion of SNSprojecting neurons is significantly less in the dorsal and ventrolateral medulla compared to the other two regions (P = 0.05).
Discussion
Using a surgical approach to selectively cut the sympathetic innervation of the SMG, combined with injections of two isogenic strains of PRV expressing different fluorophores, this study has examined the distribution of neurons synaptically connected to the autonomic innervation of the SMG. Whilst previous studies examining either the SNS or PNS innervation of the SMG described partially overlapping distributions of neurons, this study clearly identifies neurons in several brain regions that project to the SMG via both the SNS and PNS efferent pathways. We propose that these are ''command neurons'' that coordinate autonomic regulation of the SMG. Such command neurons have been identified previously for SNS innervation of different visceral targets (Jansen et al. 1995a, b) or SNS and somatomotor targets (Kerman et al. 2003; Krout et al. 2003) . Anatomical studies have shown that PVN neurons projecting via the SNS or PNS to the pancreas express oxytocin (Buijs et al. 2001 ). This observation is suggestive of command neurons projecting to the pancreas. To our knowledge the results described in this paper are the first direct and definitive description of command neurons innervating both branches of the autonomic supply to an individual organ.
Our anatomical observations provide information relevant to understanding how the ANS modulates the function of the SMG. Over the past decade it has been accepted that the two branches of the ANS work together to regulate the composition of saliva Titchen 1992, 2003; Matsuo et al. 2000) . Our dat gives an anatomical insight into the neuronal groups that have the potential to modulate both SNS and PNS nerves to elicit an additive or synergistic regulation of the flow and protein concentration of saliva. With the insertion of an inhibitory neuron or transmitter in this circuit such anatomical connections could also subserve antagonistic interactions between the different autonomic divisions. As such these command neurons may provide fine tuning of salivary composition for specific stimuli.
Each of the regions displaying dual-projecting neurons is known to have functional relevance for the regulation of salivary production. For example neurons of the reticular Fig. 6 Photomicrographs of coronal sections illustrating the distribution of SNS-(red), PNS-(green) projecting neurons and tyrosine hydroxylase (TH) expressing neurons (magenta) and the merged images at different rostro-caudal levels of the ventrolateral medulla oblongata. The schematic diagrams in the first column are taken from The Rat Brain (Paxinos and Watson 2005) and show the rostro-caudal level of each section relative to Bregma. The arrows highlight examples of PNS-or SNS-projecting neurons that also express TH-expressing neurons. The single arrow heads highlight examples of dual-labeled SNS-, PNS-projecting neurons. The double arrow heads highlight dual-projecting neurons that also express TH. The scale bars represent 100 lm in all images. A1-A1 noradrenergic cell group, Bo Bötzinger nucleus, C1-C1 adrenergic cell group, IRt intermediate reticular n., LRt lateral reticular n., MdD dorsal part of the medullary reticular n., rs rubrospinal tract, PCRt parvicellular reticular n Brain Struct Funct (2015 Funct ( ) 220:2103 Funct ( -2120 Funct ( 2115 formation subjacent to the NTS are implicated in taste sensation (Travers and Travers 2007) and in the oro-motor responses to gustatory stimuli (Travers et al. 2000) . The PVN projects directly to the superior salivatory nucleus (Geerling et al. 2010) and is an important regulator of appetite (Kalra et al. 1991) . The lateral hypothalamic area projects to taste activating centers such as the NTS and is known to modulate food intake (Cho et al. 2003) . Finally the raphe nuclei are strongly implicated in behavioral responses to altered body temperature, one of which in rodents is increased salivation for evaporative cooling (Morrison and Nakamura 2011) . Our conclusions rely entirely on the independent and specific labeling of the SNS and PNS innervation of the SMG with absolutely no cross-contamination. To this end labeling within the superior cervical and submandibular ganglia, the intermediolateral cell column and the superior salivatory nucleus was examined in all animals at every time point. Cross-contamination was not observed in any animal included in the study. This specificity is also supported by the observation that the proportion of labeled neurons projecting via each pathway varied between different brain nuclei. The nucleus of the spinal trigeminal tract and area postrema contained only PNS-directed neurons. The NTS also contained a predominance of neurons labeled from the PNS pathway and a very small component of SNS and dual-labeled neurons. The PVN, raphe nuclei and the ventrolateral medulla had similar numbers of PNS and dual-labeled neurons yet the ventrolateral medulla had a significantly reduced proportion of SNS-labeled neurons. Interestingly no regions were observed that had only SNSdirected neurons. Together these observations provide confidence that the two components of the ANS were labeled independently and that the dual-labeling observed results from axon collaterals of higher order premotor neurons within the brain.
It is remarkable that widespread evidence of dual-projecting neurons could be obtained using this approach. Previous studies have demonstrated that through a mechanism that remains unclear, neurons limit the number of infecting PRV viral genomes that are expressed to less than 7 (Kim et al. 1999; Kobiler et al. 2010) . Thus for dual infection to occur with our isogenic forms of PRV there must be a narrow time period for transsynaptic transfer of both viral particles between neurons. Given the relatively low probability of this occurring it is likely our observation of double-labeled neurons is a considerable underestimation and may vary between regions. For this reason we While the advantages derived from the use of neurotropic viruses to trace chains of synaptically-connected neurons have been clear for the last two decades, the question of specificity of transsynaptic viral transfer is pertinent. Despite use of the approach by many laboratories over several years examples of cross infection of adjacent, non-synaptically connected neurons have not been forthcoming. Even virulent strains of PRV (rather than the attenuated forms used in this and most other contemporary studies) show circuit specific infection (Rinaman et al. 1993) . Our observations are restricted to the leading edge of viral transport in the brain and as such represent newly infected neurons where the pathology is slight. At this period of infection, within 24 h of its first appearance of virus, neurons have identical membrane properties to noninfected neurons (Smith et al. 2000) and are unlikely to shed virus into the parenchyma that would spuriously involve adjacent neurons. Even when virus is known to have escaped from compromised neurons, at long survival times, electron microscopic evidence indicates that viral particles are effectively sequestered into surrounding glial cells that form a ''sink'' to prevent incorporation into nonspecific pathways (Rinaman et al. 1993) .
There is also a recent suggestion that viral transport studies may show a distorted representation of some central pathways by virtue of preferential uptake and transport into, for example, monoaminergic neurons creating a viral expressway for retrograde propagation. This is surmised from studies such as that by Cano et al. (2001) where A5 neurons are consistently labeled prior to other brainstem neurons following infection of the spleen. However, an alternative explanation is that A5 and other monoaminergic neurons have a more extensive innervation of sympathetic preganglionic neurons (Sevigny et al. 2008) . In this regard, terminal field density has been shown to be a determining factor in the degree of neuroinvasiveness in CNS pathways . These concerns are unlikely to impact on the present study where observations are focused on newly infected neurons following use of attenuated forms of PRV. It should also be noted that the proportion of duallabeled neurons that were demonstrated to be monoaminergic was actually quite low, despite their co-distribution.
The observations described in this study refine our view of the central neural substrate regulating autonomic control of the SMG, but are these unique to the SMG or is this a more general organizational principle? Physiological studies clearly demonstrate interactions, antagonistic, complementary or synergistic, between the different autonomic inputs to many organs, indicating that this is a general principle within the ANS (Paton et al. 2006; Proctor and Carpenter 2007) . Command neurons with the anatomical projections to enable coordination of autonomic and somatic (Kerman et al. 2003; Krout et al. 2003) or autonomic and motivational (Oldfield et al. 2007 ) functions have also been reported. These observations are also consistent with the presence of command neurons within simple neuronal networks in invertebrates that drive multiple, sometimes disparate, behavioural patterns (Kupfermann and Weiss 2001). These data point to the likelihood that this is a general organizational principle for the nervous system. This study demonstrates the existence of a substantial population of neurons in different brain regions that have axonal collaterals enabling them to regulate both the SNS and PNS innervation of the SMG. This provides the anatomical substrate required for coordinated activation of ANS activity to provide salivary flow and protein concentration required for specific stimuli. These observations may not be unique to the SMG and could represent a more general organizational principle that can be applied to the function of other organs. Supporting physiological evidence for this contention is available for the pancreas and the heart. We propose that such observations therefore could represent a common pattern of organization of the CNS and provide the anatomical framework for the fine control of organ function required for homeostatic regulation and the coordination of organ responses to enable complex behaviors.
